Modelling changes in trophic and structural impacts of alien ecosystem engineers on a rocky-shore island by Sadchatheeswaran, S. et al.
Contents lists available at ScienceDirect
Ecological Modelling
journal homepage: www.elsevier.com/locate/ecolmodel
Modelling changes in trophic and structural impacts of alien ecosystem
engineers on a rocky-shore island
Saachi Sadchatheeswarana, George M Brancha, Lynne J Shannona, Coleen L Moloneya,⁎,
Marta Collb, Tamara B Robinsonc
a Department of Biological Sciences and Marine Research Institute, University of Cape Town, Private Bag X2, Rondebosch 7701, South Africa
b Instituto de Ciencias del Mar (ICM-CSIC), Passeig Marítim de la Barceloneta, n° 37-49. 08003. Barcelona, Spain
c Department of Botany and Zoology, Centre for Invasion Biology, Stellenbosch University, South Africa








A B S T R A C T
Between 1980 and 2012, successive arrivals by three alien ecosystem engineers on a rocky shore community at
Marcus Island on the west coast of South Africa led to substantial changes in species composition and diversity.
An ecosystem analysis of this open intertidal system was developed using Ecopath with Ecosim to determine the
impacts of these aliens and the services they provide on the native community. A baseline Ecopath model of the
community in 2015 was generated using values of biomass, production/biomass, consumption/biomass and the
dietary composition of 30 functional groups. Ecosim, a time-dynamic modelling routine, was then used to si-
mulate the changes in biomass of native species. A 1980 model (pre-invasion) was constructed and 22 simu-
lations were run up to 2015 by systematically adding (1) biomass time series for non-native species; (2) relative
biomass time series for native species; (3) mediation functions that mimicked biomass impacts due to changes in
substrate, shelter and feeding grounds created by the alien ecosystem engineers; and (4) the effects of wave
action as a source of mortality. Positive or negative influences of these ecological processes on diversity and the
final biomasses of all groups in 2015 were assessed. Trophic impacts by the alien species affected diversity and
biomass at the end of all simulations, but the addition of shelter or a combination of all three ecosystem services
provided by ecosystem engineers (shelter, substrate and feeding grounds) resulted in 2015 model ecosystems
that most closely matched the diversity and individual group biomasses empirically measured on Marcus Island
in 2015. Wave action had only a minor impact. Marcus Island's rocky shore community was therefore driven
mainly by the fixed input of alien species biomass and made more realistic by the incorporation of their eco-
system services. However, structural complexity and zonation, explored in a follow-up paper invoking spatial
modelling, need to be represented for a more complete realisation of the ecosystem.
1. Introduction
Structural complexity, or the maximum amount of volumetric space
available for individuals to inhabit, is correlated with rocky-shore in-
vertebrate species richness and abundance (Tokeshi, 1995;
Crooks, 1998; Ruiz Sebastián et al., 2002; Robinson et al., 2007;
Sadchatheeswaran et al., 2015, 2019a), and influences community
composition in combination with height on the shore
(Sadchatheeswaran et al., 2015). As ecosystem engineers can alter this
complexity, the arrival of alien species with this capability can alter the
trophic dynamics of an ecosystem considerably. Three non-native spe-
cies that have invaded South Africa's rocky shores in the Western Cape
are ecosystem engineers that can affect the biodiversity of intertidal
communities (Robinson et al., 2020). This was clearly demonstrated by
Sadchatheeswaran et al. (2015, 2018), and also proposed in previous
studies of the effects of the alien Mediterranean mussel Mytilus gallo-
provincialis (Ruiz Sebastián et al., 2002; Robinson et al., 2007), the
bisexual mussel Semimytilus algosus (Tokeshi and Romero, 1995); and
the Pacific barnacle Balanus glandula (Harley, 2006; Harley and
O'Riley, 2011).
Besides changes to native biodiversity due to modulation of access
to resources, ecosystem engineers may also alter (1) the amount of
surface area or substrate (Beck, 1998; Kostylev and Erlandsson, 2001;
Frost et al., 2005; Kostylev et al., 2005; Gestoso et al., 2013); (2) the
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amount of empty space or shelter (Sadchatheeswaran et al., 2019a, b);
and (3) feeding ground available to other species. All three services
collectively can be ascribed to structural complexity related to inter-
stitial gaps or substrate surface area. When habitat plays such a notable
role in shaping the biomass, abundance and diversity of native species,
it is important to understand how changes induced by the arrival of
habitat-altering alien species can affect the major functional groups in
the already harsh environment of intertidal shores.
Marcus Island on the west coast of South Africa offers unique
quantitative data on intertidal community composition prior to the
invasion by three habitat-altering alien species, namely M. gallopro-
vincialis, S. algosus and B. glandula. Using these data, it is possible to
explore the impacts of alien ecosystem engineers and the various ser-
vices they provide. The first set of data was collected in 1980, before
any non-native species were quantified on Marcus Island. A second data
set was gathered in 2001 when the abundance of M. galloprovincialis
was first quantified at this site (Robinson et al., 2007). Marcus Island
was then studied a third time in 2012, at which point the invasive S.
algosus and B. glandula were detected (Sadchatheeswaran et al., 2015).
Finally, a biomonitoring programme (Sadchatheeswaran et al., 2018)
was undertaken quarter-annually from 2014 to 2016.
Ecosystem engineering can increase or decrease the amount of
protective space for prey, which will increase or decrease their vul-
nerability to predators. This relationship can be mimicked by way of
mediation functions in the Ecopath with Ecosim (EwE) software.
Mediation functions involve three groups, two of which form a pre-
dator-prey relationship, and a third, in this case ecosystem engineers,
that affects the feeding rate between the first two, either by facilitating
the availability of prey to the predator group or by protecting the prey
from the predator group (Dill et al., 2003; Christensen and
Walters, 2004). The mediation function thus changes the trophic flow
rate, or the amount of prey biomass consumed by the predator at each
time-step (Christensen et al., 2008; Espinosa-Romero et al., 2011).
In this paper, an Ecopath food-web model was developed for the
wave-exposed rocky shore community at Marcus Island on the west
coast of South Africa. The Ecopath model provides a static ‘snapshot’
baseline representation of an ecosystem using information about bio-
mass, production, consumption, migration and feeding relationships of
species (Christensen and Walters, 2004). The first stage in model de-
velopment was to find a sensible approach for quantitatively recreating
an intertidal system dominated by ecosystem engineers. Two baseline
models of Marcus Island in 2015 and 1980 were parameterized using
data collected on site or available from literature. Thereafter, the
Ecosim routine of EwE 6.5 was used to simulate, firstly, trophic and
non-trophic impacts of ecosystem engineers on Marcus Island's ecolo-
gical structure and functioning and, secondly, extra mortality caused by
wave action. The former was done by forcing the biomass of alien in-
vaders in the temporal model, and invoking the mediation routine of
Ecosim in an attempt to capture the role of ecosystem engineers in
structurally protecting prey from predators and by rendering prey less
vulnerable to these predators, thus increasing predators’ searching ef-
fort for their prey. Wave action was modelled i) across the full rocky
shore and ii) only on vulnerable species that occupy certain zones of the
rocky shore. In this way, non-trophic, spatial processes on this rocky
shore were tackled within the capacity of the non-spatial, trophic
model. The objectives of our study were to (1) explore trophic processes
associated with the arrival of the three alien species, (2) examine the
contributions of other ecological processes caused by alien ecosystem
engineers, and (3) determine whether the potential impacts of struc-
tural complexity could be fully simulated via non-spatially explicit
functions that mediate predator-prey interactions in the modelled food
web.
Our paper is novel in two respects. Firstly, it makes use of a unique
data set that traces sequential invasion of an island rocky-shore eco-
system by three alien species. Secondly, it advances the normal appli-
cation of EwE to trophic analyses by incorporating trophic effects and
non-trophic drivers (provision of shelter, substrate and feeding
grounds) consecutively and cumulatively to study the potential impacts
of both ecosystem engineers and wave action on the ecosystem.
2. Material and methods
2.1. Study area and trophic models
The southern-facing shore of Marcus Island in Saldanha Bay is a
moderately exposed intertidal and rocky study area. Like all exposed
rocky shores in South Africa, it is dominated largely by a community of
filter feeders, and predators are relatively scarce (McQuaid and
Branch, 1985). As demonstrated in Sadchatheeswaran et al. (2015,
2018), invasions by M. galloprovincialis and, to a lesser degree, B.
glandula and S. algosus, had large ecosystem engineering effects
(Robinson et al., 2007; Sadchatheeswaran et al., 2018), particularly in
the mid to low shore. The shore is not subject to any harvesting as it
falls in a national park and the island is not accessible to the public. As a
result, we did not consider fishing among the stressors the system ex-
periences.
Two trophic models of the study site on Marcus Island's intertidal
area were built using Ecopath with Ecosim version 6.5 (EwE)
(Christensen et al., 2005). Details of the modelling approach can be
found in Appendices A1 and A2. These models represent Marcus Island's
ecosystem (1) in 2015 (post-invasion), to establish biomasses with
which model simulations could be compared, and (2) in 1980 (pre-in-
vasion), which served as a starting point for forward simulations using
Ecosim mediation functions, run for 35 years, 1980-2015. Both models
were limited to the same area of 452 m2: a 25-m stretch of rocky shore
extending between low spring tide and the upper limit of wave splash,
with a maximum water depth at high tide of 2.42 m.
2.2. Parameterization of the 2015 Ecopath model
The baseline Ecopath model of Marcus Island comprised 30 groups
(Table 1, Table A1). The same groups were incorporated in the 1980
model (Table A2). Most of the groups are self-explanatory, but some are
amplified in the following paragraph.
‘Catch-all’ groups were employed for (a) polychaete spp., (b) other
limpet spp., (c) ‘small arthropod spp.’ and (d) ‘other seaweed’. Names of
species involved are listed as a footnote to Table A1. Three species (the
alien mussel M. galloprovincialis, the native ribbed mussel Aulacomya
atra and the native granular limpet Scutellastra granularis) were split
into two multi-stanza groups each, based on length of shell or age
(Table A3) because these species were abundant, their juveniles and
adults were preyed upon by different predators, and they contributed
differently to complexity. Marcus Island exhibits strong zonation
(Robinson et al., 2007; Sadchatheeswaran et al., 2018) but in this
baseline model functional groups were treated as if they were evenly
spread throughout the study site.
For most consumer groups, wet biomass estimates (g.m−2) were
derived from measurements made on Marcus Island of the average fresh
whole-body mass of individuals (or areas 10 cm × 10 cm completely
covered by colonial species), which were then multiplied by the ob-
served mean abundance or cover.m−2 (Table A1). It was assumed that
the two bird species in the model spend less than 100% of their feeding
time on Marcus Island, and so only 70% of Haematopus moquini biomass
and 30% of Larus dominicanus biomass was used in the 2015 model.
Although intertidal fish species (mainly Clinidae and Gobiidae) com-
monly occur on South African west-coast shores (Prochazka and
Griffiths, 1992), they have not been observed at the study site. There-
fore, they were included in this model as a generic fish group with a
very low biomass estimate to capture potential predation by these fish,
as occurs on other rocky shores. Choromytilus meridionalis, more com-
monly found subtidally, used to occur as a dominant intertidal filter
feeder on Marcus Island, but since 2012 has not been found there, and
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so biomass was estimated to be very low. These estimates, and others
that were collected from literature or estimated by Ecopath, appear in
Table A1.
Production/biomass (P/B) values for all mollusc, echinoderm, ar-
thropod and annelid species were calculated using Artificial Neural
Network models that can be downloaded from Brey (2001). All other P/
B values (year−1) and all consumption/biomass (Q/B) values (year−1)
were sourced from published models (Shannon et al., 2003;
Arbach Leloup et al., 2008; Watermeyer et al., 2008; Ortiz et al., 2013)
or from an unpublished South African model of mussel beds
(Stobie, 2002).
Input values and the sources used to parameterize the baseline
model are listed in Supplementary Tables A1 and A2. Diet compositions
for model groups were available from literature but were adjusted for
prey availability on Marcus Island (Table A4). Confidence in the values
collected to create the baseline model, i.e. biomass, production/bio-
mass, consumption/biomass and diet composition, was assessed with a
pedigree index. The overall pedigree index of the model represents the
model's robustness, and is calculated by assigning pre-determined
confidence intervals, or parameter uncertainties, to each input para-
meter. Data collected at the model site for specific model groups were
given a parameter uncertainty of only 10%, grading through to as much
as 80% uncertainty if the data were estimated by Ecopath.
The ecological roles of functional groups were analysed via Mixed
Trophic Impact and keystone analyses. Mixed trophic impact analysis
graphically displays the net direct and indirect trophic impacts of all
functional groups on one another (Ulanowicz and Puccia, 1990). Key-
stone analyses compare relative total impact of each functional group
using keystone indices, of which we employed three: KS1 (Libralato
et al., 2006), KS2 (Power et al., 1996) and KS3 (Valls et al., 2015).
These indices all combine measures of the mixed trophic impact of each
model group with estimates of its relative biomass (Valls et al., 2015).
The methods differ only in the way in which biomass contributions are
incorporated in the index as indicated in the following equations.
= × −i εi piKS1 log[ (1 )]
= ×i εi piKS2 log[ (1/ )]
= ×i εi iKS3 log[ drank(B )]
KSi is the Keystone index of the group or species i under con-
sideration; εi is the overall impact of i on all other groups apart from
itself (derived from the mixed trophic impact analysis); pi is the pro-
portional contribution of group i to the total biomass in the foodweb;
and idrank(B ) is the rank of the biomass of i in descending order.
2.3. Parameterization of the 1980 Ecopath Model
The 1980 model incorporated the same predators, filter feeders,
grazers, zooplankton, primary producers, detritus, ‘catch all’ and ‘multi-
stanza’ groups mentioned in Section 2.2 (Table A2). It was again as-
sumed that the two bird species in the model spend less than 100% of
their feeding time on Marcus Island but, given that H. moquini in par-
ticular was less abundant on west coast islands in 1980 prior to the
arrival of M. galloprovincialis (Hockey and van Erkom Schurink, 1992),
only 45% of H. moquini biomass was used in the model. Two detritus
groups were generated from consumers and primary producers re-
spectively (Table A2). Dietary compositions for all groups were ad-
justed for prey availability on Marcus Island in 1980 (Table A5). Import
of consumer detritus in the 1980 model was set at 0 g.m−2.year−1, but
50000 g.m−2.year−1 of primary production (pp) detritus was imported
Table 1
The 30 Ecopath model groups, showing functional numbers (n) that are used in tables and figures for brevity. Scientific names are used throughout the text. Common
South African names are provided for context. Biomass (g.m−2) was measured in 2015 or estimated by Ecopath, and used to determine simulation accuracy. See
Table A1 for more information. # denotes ‘catch all’ groups explained in footnotes to Table A1.
n Model Group Scientific Name Common Name 2015 Biomass (g.m−2)
Predators
1 Oystercatcher Haematopus moquini African black oystercatcher 70.07
2 Gull Larus dominicanus Kelp gull 30.67
3 Fish Clinidae, Gobiidae Rock pool fish spp. 10.00
4 Dogwhelk Nucella dubia Common dogwhelk 53.33
5 Burnupena Burnupena lagenaria Ridged burnupena 95.66
6 Polychaete Polychaete spp.# Polychaete spp. 56.78
7 Anemone Bunodactis reynaudi Sandy anemone 761.40
Filter Feeders
8 Small Med. mussel Mytilus galloprovincialis Mediterranean mussel 3176.22
9 Large Med. mussel Mytilus galloprovincialis Mediterranean mussel 4137.97
10 Small ribbed mussel Aulacomya atra Ribbed mussel 900.00
11 Small ribbed mussel Aulacomya atra Ribbed mussel 800.62
12 Black mussel Choromytilus meridionalis Black mussel 0.01
13 Bisexual mussel Semimytilus algosus Bisexual mussel 510.88
14 Barnacle Balanus glandula Pacific barnacle 152.96
15 Sponge Hymeniacidon perlevis Crumb-of-bread sponge 6.80
Grazers and zooplankton
16 Small granular limpet Scutellastra granularis Granular limpet 193.24
17 Large granular limpet Scutellastra granularis Granular limpet 389.17
18 False-limpet Siphonaria capensis Cape false-limpet 11.21
19 Other limpet Other limpet spp. # Other limpet spp. 34.92
20 Urchin Parechinus angulosus Cape urchin 0.01
21 Periwinkle Afrolittorina knysnaensis Southern periwinkle 50.00
22 Arthropod small arthropod spp. # Small arthropod spp. 16.26
23 Zooplankton Micro-zooplankton Zooplankton 3.17
Primary producers and detritus
24 Purple laver Porphyra capensis Purple laver 142.10
25 Sea lettuce Ulva spp. Sea lettuce 194.37
26 Tongue–weed Gigartina spp. Tongue-weed 4074.49
27 other seaweed other seaweed spp. # Other seaweed spp. 1725.01
28 Phytoplankton Phytoplankton Phytoplankton 76.94
29 Consumer detritus consumer detritus consumer detritus 100.00
30 Primary producer detritus primary producer detritus primary producer detritus 100.00
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(Table A6). This value, required to balance the model, amounted to
approximately the flow to primary producer detritus (67386.80
g.m−2.year−1). Although alien species were not present on Marcus Is-
land in 1980, they were included in this model with very low biomasses
(0.01 g.m−2) so that species invasion could be modelled over time. As
in the 2015 model, all groups were treated as if they were evenly spread
across the study site. The 2015 values of production/biomass (P/B),
consumption/biomass (Q/B) and, where required, ecotrophic effi-
ciencies (EE) of each functional group, were used in the 1980 model. P/
B and Q/B values were adjusted by a conversion factor of 0.98 to
compensate for differences in sea surface temperature (SST) in 1980
(15.66°C) and 2015 (16.63°C; Clark et al., 2009). To balance the model,
plankton group EE values were set at 0.99, and net migration was
calculated by Ecopath.
To simulate the effects of waves, a ‘fishing fleet’ was created that
could cause mortality by ‘fishing’ out a certain percentage of each
group. The groups that were removed by wave action were those that
predominantly occupy the low shore. The magnitude of the removals
per group by wave action was initially set low (0.00001 g.m−2.year−-
1), so that ‘fishing’ mortality was negligible until manually increased as
desired.
2.4. Ecosim parameterization
To investigate how trophic and non-trophic impacts have changed
the dynamics of the intertidal rocky shore at Marcus Island from 1980
(pre-invasion) to 2015 (post-invasion), 22 simulations were run using
Ecosim (Christensen and Walters, 2004) (Table 2). Details of the Ecosim
modelling procedure are described in Appendix A2. These explored the
trophic impacts (Φ) of each non-native ecosystem engineer (small and
large Mediterranean mussel M. galloprovincialis, bisexual mussel S. al-
gosus, and the barnacle B. glandula) and their combined effects (‘All’);
the trophic impacts (X) of 15 selected native groups; the non-trophic
impacts of structural complexity provided by the alien ecosystem en-
gineers (substrate Ψ1, shelter Ψ2, feeding grounds Ψ3 and a combi-
nation of all three Ψ4); and extra mortality created by a ‘fishing fleet’
that represented wave action and storm effects on the low shore (Ω1-
Ω4).
1 Φ=Trophic impacts of ecosystem engineers. Forced biomasses of
each ecosystem engineer were applied sequentially in four separate
simulations and then together in a combined simulation (Φ-All).
2 Χ=Trophic impacts of native species. With forced biomasses of all
ecosystem engineers in play, the model was also fitted to observed
time-series of native groups by adjusting vulnerability parameters.
3 Ψ=Non-trophic interactions. These were added to the fitted model
(X). The impacts of different services (substrate Ψ1, shelter Ψ2 and
feeding grounds Ψ3) provided by structural complexity were ex-
plored for mussels, barnacles, and all, and then Ψ1+Ψ2+Ψ3 all
together in a final ‘combined’ simulation (Ψ4). For each simulation,
the vulnerability of each group returned to the default of 2 and the
model was fitted to time-series (Table A7).
4 Ω=Wave action. Using the fishing fleet functions in Ecosim and the
vulnerabilities created in the Ψ4 simulation, a simulation was run in
which wave action removed 10% of the total biomass of select low-
shore groups every month between January 1980 and December
2015 (Ω1). To examine the possible impacts of large storms on
different groups, three Ecosim simulations were run, by once again
removing 10% of the total biomass each month, but with additional
once-off 30% (Ω2), 40% (Ω3) and 50% (Ω4) losses of low-shore
biomass in each of the following known storm events: June 1994,
September 2001, August 2008, June 2009 and August 2012.
2.4.1. Time series of non-native, ecosystem engineers
All three non-native species are highly invasive along the length of
the west coast of South Africa and have outcompeted some species for
food or space but have boosted the populations of others by increasing
substrate, shelter and/or food. To represent this, annual biomass time-
series for each ecosystem engineer were created. Biomasses of species
recorded on Marcus Island were available only for 1980, 2001, and
2012 - 2015. However, information on M. galloprovincialis recruitment
elsewhere along the coast was available, from which recruitment pat-
terns could be deduced. In 1980, none of the non-native species were
recognized on the shore, and so this time period was designated as ‘pre-
invasion’. In 1984, M. galloprovincialis experienced a recruitment boom
of at least 1.5 million recruits.m−2 on the west coast of South Africa
(Branch unpublished data, Reaugh-Flower et al., 2011). This constituted
a massive injection of recruitment that declined to approximately
79000 individuals.m−2 in 1995 and 6150 individuals.m−2 in 1998 (Fig.
A1). Recruitment increased slightly to 29000 individuals.m−2 in 1999
and then decreased to very small amounts in the 2012-2015 period
(approximately 2300 individuals.m−2) (Branch unpublished data). This
recruitment information was used as input to the Egg Production
variable in Ecosim, resulting in a varying biomass for small M. gallo-
provincialis from 1980 to 2015. However, the model outputs severely
under-estimated the abundance of M. galloprovincialis adults observed
on Marcus Island. As a result, the shape of the recruitment curve was
instead used to influence estimates of mussel biomass, with the peak
recruitment in 1984 being set to correspond to a peak biomass estimate
of 50000 g.m−2 for small and large M. galloprovincialis combined
(which realistically approximated the maximal biomass recorded on
Marcus Island), followed by a decline in biomass that tracked the
progressive reduction in recruitment (which was also realistic in terms
of biomass values recorded at various times on Marcus Island) (Fig. 1,
Table A7).
Separate time series were generated for both small and large M.
galloprovincialis, using the approximation that the biomass of large M.
galloprovincialis was 84% of the biomass of small M. galloprovincialis at
each time step. Prior to 2013, small and large M. galloprovincialis were
not measured separately, and so their biomass ratio was calculated from
the mean biomass of small (<30 mm, 3176.22 g.m−2) and large (>30
mm; 2668.03 g.m−2) mussels in 2015. As Ecosim modelling was used to
simulate the ecosystem dynamics resulting in the 2015 model eco-
system, the 2015 biomass of large M. galloprovincialis, the non-leading
multi-stanza of the M. galloprovincialis group, was set to the amount
estimated by Ecopath in the static 2015 model (4137.97 g.m−2).
Recruitment data were not available for S. algosus or B. glandula, and so
historical population trends of biomass from 1980 to 2014 were con-
structed from abundance values collected in 2012-2015, with very low
values (0.01 g.m−2) allocated to the period 1980-2009, prior to the first
Table 2
Summary of 22 simulations showing which ecosystem engineer biomasses were
included in each simulation. The simulations investigated the trophic impact of
ecosystem engineers on all functional groups (Φ); the trophic impact of native
groups with fitted data (Χ); the impacts of ecosystem engineers on substrate
availability (Ψ1), shelter availability (Ψ2), feeding grounds (Ψ3) and the col-
lective impact of structural complexity simulations (Ψ4 =Ψ1+Ψ2+Ψ3); the
effects of wave action removing 10% of low shore biomass (Ω1), and storm
action removing an additional 30% (Ω2), 40% (Ω3) or 50% (Ω4) of low-shore
group biomass on specified dates.
Ecosystem engineer Φ Χ Ψ1 Ψ2 Ψ3 Ψ4 Ω1 Ω2 Ω3 Ω4







Bisexual mussel S. algosus ✓
Barnacle B. glandula ✓ ✓ ✓ ✓ ✓
All ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Total number of simulations
modeled
5 1 3 3 3 3 1 1 1 1
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records of these species on Marcus Island. Since the biomasses at spe-
cific dates (1980, 2001, 2012, 2014 and 2015) were known, all eco-
system engineer biomasses were input to Ecosim as type ‘-1’, or forced
biomass, driving Ecosim's temporal simulations from 1980 to 2015. For
time-steps where biomass data were not available, biomass was linearly
interpolated between the time steps with known biomasses (Table A7).
2.4.2. Time series of native groups
Time series biomass data included estimates for 15 native groups
that were considered important indicator species or that had strong
relative trophic impacts on other groups. Data from these were obtained
during visits to Marcus Island between 1980 and 2015 (Table A7), and
biomass values gathered from the 2015 Ecopath model. To fit the
temporal simulations from 1980 to 2015, these values were denoted as
type ‘0’, or relative biomasses, in Ecosim and used as an input to si-
mulation X (see following section for notation) superimposed on the
combined effects of the alien species (Φ-All). Therefore, the trophic
relationships between groups could change with the forced biomass of
the engineers, but could also be constrained by the time series of the
native groups; this was used to minimize the sum of squares between
the model and observations. Because the time series of the native
groups were denoted as ‘relative’, biomass values could be omitted from
the model in years for which we did not have biomass values for par-
ticular groups (Table A7).
2.4.3. Mediation using structural complexity
The non-trophic impacts provided by ecosystem engineers, in this
case mussel and barnacle groups, were linked to changes in structural
complexity, which altered three habitat-driven services on the rocky
shores: substrate (surface area for attachment), shelter (gaps that house
and protect species) and feeding grounds (efficiency with which con-
sumers search for food as they become more or less abundant in com-
plex habitats). Substrate and shelter affect the vulnerability of prey,
whereas feeding grounds, in general, affect the search rate of con-
sumers. These impacts were included in the experimental simulations
(Ψ1-Ψ4) with Ecosim via mediation.
Mediators were the non-native ecosystem engineers, categorised
into three ‘Mussel’ groups (small and large M. galloprovincialis, and S.
algosus), ‘Barnacle’, and ‘All’, which included all four groups. As re-
commended by Harvey (2014), two types of sigmoidal functions were
used to modify the predator-prey relationship with the mediation
functions (Table A8). Both are based on sigmoidal functions and use
four parameters: a minimum and maximum y-value, a scaling para-
meter and a parameter that determines the steepness of the slope
(Harvey, 2014). One set of functions (M1, M3, M5) increased predator
search rate as the biomass of the mediator increased (Fig. 2a), whereas
the other set (M2, M4, M6) decreased prey vulnerability with an
increase in mediator biomass (Fig. 2b).
Personal observations, expert input and results from
Sadchatheeswaran et al. (2015, 2018) helped to determine which
function affected which predator-prey relationship, per ecosystem ser-
vice (Table A9). One caveat is that the function that increased predator
search rate with an increase in Mussel, M1, was also used to increase
the vulnerability of C. meridionalis. This was done in an attempt to
specifically drive C. meridionalis to negligible levels within the model. It
was the only native species that had disappeared from Marcus Island by
2012, possibly because it was outcompeted from the primary substrate
by the invasive M. galloprovincialis and excluded from secondary sub-
strate created by the alien mussels, but also because of regular re-
cruitment failure of C. meridionalis in the intertidal zone
(Griffiths, 1981).
For each group, mediators were given a weight to represent their
relative contribution to structural complexity, and thus their relative
impact on the vulnerability of prey or search rate of predators. In the
mussel mediator group, all mussels were given a collective weight of 1
as Sadchatheeswaran et al. (2015) demonstrated that, when all species
of mussels were found together, even where M. galloprovincialis was
dominant, they form complex, multi-layer beds and contribute to
structural complexity equally (Fig. 2c). B. glandula was given a weight
of 1 when it was the lone mediator in the mediator group ‘Barnacle’.
However, for the ‘All’ group, a weighted average was calculated via a
set of tests in Blender 2.74, a 3D modelling program
(Blender Foundation, 2012), which showed that the average ratio of
complexity created by mussels to that created by barnacles was 1:0.35.
Therefore, the relative weights of each of the mussels in the ‘all’ group
were 1, whereas barnacles had a weight of 0.35 (Table A8, Fig. 2c).
2.4.4. Wave action
Personal observations and expert input indicated that normal levels
of wave action can remove 10% of the background levels of the biomass
of functional groups commonly associated with the low shore every
month. Observations on Marcus Island on May 9, 2016 demonstrated
that a large winter storm can remove 30 to 50% of the biomass of low
shore groups during a single event.
Wave data for sites between Cape Point and Saldanha Bay were
obtained from the Council for Scientific and Industrial Research (CSIR),
Stellenbosch (Rossouw et al. unpublished data). These data included the
dates from 1980 to 2015 that had the five greatest significant wave
heights, which are a proxy for high-energy storms: June 21, 1994;
September 5, 2001; August 31, 2008; June 24, 2009; and August 12,
2012. These were set as large winter storm episodes in Ecosim simu-
lations (described in Section 2.5).
Fig. 1. Modeled time series of biomass (log-transformed) of non-native ecosystem engineer groups (small and large Mediterranean mussels Mytilus galloprovincialis,
bisexual mussel Semimytilus algosus, barnacle Balanus glandula) from 1980 to 2015. For actual values, see Table A7.
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2.5. Ecosim simulation to determine best fit
First, an Ecosim simulation was run without any forcing to see how
the ecosystem would function without any non-native species over a
period of 35 years, from 1980 to 2015. After this, input data for trophic
and non-trophic interactions were added sequentially to the 1980
Ecopath model, in Ecosim, and also run for 35 years. Simulations Χ and
Ψ required fitting to time series (Christensen and Walters, 2004), in
which the vulnerabilities of all prey of the predators (consumers) with
time-series were adjusted (Table 3).
For each of the 22 simulations (Table 2), the change in biomass over
time was analysed for groups that had a relative total impact on all
other groups greater than 0.5 in 1980, and for groups on which the
ecosystem engineers had the most positive or negative impact in the
final 2015 model, according to the Mixed Trophic Impact analysis.
To determine which simulation was best able to replicate the 2015
Ecopath model, biomass values of all functional groups for simulations
in which all engineers were included were compared with the 2015
biomass values (Table 1). Sum of squares (SS), Akaike's information
criterion (AIC) and prey vulnerabilities (v) per predator were calculated
where applicable (following Heymans et al., 2016). Values of the
Shannon-Wiener diversity index (H’) and Pielou's evenness index (J)
were also calculated for each simulation.
3. Results
3.1. Comparisons of the 1980 and 2015 models
The 1980 pre-invasion model and the 2015 post-invasion baseline
model (Fig. 3a, b) had much in common. The pedigree indices of both
were 0.27, indicating a low to medium level of confidence in parameter
values compared to other models reported by Coll et al. (2006), which
had indices of 0.16 to 0.68. Both the 1980 and 2015 models spanned
trophic levels (TLs) from 1.00 to 3.03. Primary producers and detritus
groups comprised TL 1.00; grazers and micro-zooplankton emerged as
2.00 to 2.06. Filter-feeders had a TL of 2.02 and predators occupied
2.16 to 3.03. The same top predators, the oystercatcher H. moquini,
dogwhelk N. dubia and anemone B. reynaudi, were shared by both
models. The trophic arrangement was flat and linear, rather than web-
like, with very low TLs overall, and 23/30 functional groups were
primary producers and detritus (at the lowest TL), or filter feeders and
grazers (at a TL of < 2.1).
Ecotrophic efficiencies (EE) of most groups in the 1980 and 2015
models were low (Tables A1, A2). None of the groups’ production was
exported from the system, thus the EEs were attributed to consumption
by predators within the system. Of the 30 functional groups in the 2015
baseline model (Table A1), the five with the greatest EEs estimated by
Ecopath, and thus emerging as heavily utilized in the ecosystem, were
small Mediterranean mussel M. galloprovincialis (EE= 0.99), small
granular limpet S. granularis (0.96), large ribbed mussel A. atra (0.87),
large M. galloprovincialis (0.80) and phytoplankton (0.79).
In the 1980 model, phytoplankton and micro-zooplankton EE values
were set at 0.99 and net migration calculated by Ecopath (Table A6).
The five functional groups that sustained the greatest consumption by
predators, as estimated by Ecopath (Table A2) were the small granular
limpet S. granularis (EE= 0.97), primary producer detritus (0.95), sea
lettuce Ulva (0.94), large ribbed mussel A. atra (0.91) and large
Mediterranean mussel M. galloprovincialis (0.91). Consumer detritus,
which was generated within the system, not imported into it, had a
relatively low EE of 0.38. The net migration rate for micro-zooplankton
was estimated by Ecopath to be -691.42 year-1, which exceeded by 50%
the P/B value of 472.36 year−1 for this group, and -300.25 year−1 for
Fig. 2. Sigmoidal curves used for mediation functions (a) M1, M3
and M5 to increase predation by predators by increasing their
search rate (m3.s−1) or (b) M2, M4 and M6 to increase protection
of prey by decreasing prey vulnerability (unitless measures). The
four ecosystem engineers were split into three mediator groups
using weighted averages (c), and each group used either sigmoid
curve to increase predation or protection of select species. For
more information see Tables A8 and A9.
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phytoplankton, which was double the P/B value of 151.31 year−1 for
phytoplankton (Tables A2 and A6). These negative migration values
indicate imports, i.e. immigration of plankton generated outside the
system across the boundaries of the model.
The major differences between the two models emerged at inter-
mediate TLs. As the 1980 model represented Marcus Island before
Table 3
Sums of Squares (SS) and vulnerability (Vul) of each group after fitting to observed data for trophic-native simulation (X) and simulations utilizing mediation:
substrate (Ψ1), shelter (Ψ2), feeding grounds (Ψ3), and the combination of these three services (Ψ4). Base and final SS and Akaike Information Criterion (AIC) are
also reported for each simulation.
Χ Ψ1 Ψ2 Ψ3 Ψ4
Groups SS Vul SS Vul SS Vul SS Vul SS Vul
Dogwhelk 65.09 1.00 66.30 1.02 61.13 1.00 66.12 1.00 67.25 1.24
Burnupena 31.24 1.05 31.08 1.08 31.70 1.00 33.97 1.00 51.71 7.39
Anemone 4.13 1.11 4.34 1.24 3.44 1.00 5.51 1.00 7.56 1.11
Small ribbed mussel 3.87 4.24 3.74 5.14 4.18 1.11 7.26 3.42 5.34 1995
Black mussel 199.50 1.83 199.50 1.34 200.05 1.00 122.10 1.00 183.90 1.00
Sponge 26.76 2.59 26.71 3.21 18.97 395.75 21.32 173.48 22.90 6.53
Small granular limpet 1.64 1.67 3.75 1.45 1.72 1.68 1.27 1.00 6.98 3.46
False-limpet 27.94 1.13 26.41 6.11 27.11 1.05 35.78 <1000 49.94 1.05
Other limpets 4.17 1.26 4.01 1.37 3.96 1.01 3.63 1.00 3.84 1.51
Urchin 69.18 3.63 65.20 3.47 68.64 8.90 71.22 1.00 64.46 1.00
Periwinkle 17.33 2.46 22.14 23.06 27.63 <1000 18.02 <1000 885.10 2.81
Purple laver 0.37 - 0.47 - 0.40 - 0.38 - 0.29 -
Sea lettuce 0.71 - 3.15 - 0.88 - 0.40 - 448.50 -
Tongue-weed 0.38 - 0.38 - 0.38 - 0.37 - 0.36 -
Other seaweed 0.25 - 0.28 - 0.23 - 0.23 - 0.45 -
Base SS 530.10 479.48 529.08 1959.01 2724.70
Final SS 452.54 457.44 450.90 387.57 1798.57
AIC 152.26 152.95 152.03 142.34 240.57
Fig. 3. Flow diagrams of the Marcus Island model in (a) 1980 (pre-invasion) and (b) 2015 (post-invasion), showing trophic levels (y-axis) and relationships between
all functional groups. Circle sizes represent relative biomasses. The thicknesses of the lines between groups indicate strengths of consumption.
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invasion by non-native groups (small and large Mediterranean mussel
M. galloprovincialis, bisexual mussel S. algosus, Pacific barnacle B.
glandula), these aliens were ‘absent’ in the 1980 model and set at very
low values of 0.01 g.m−2 at the start. The black mussel Choromytilus
meridionalis had the greatest biomass of all functional groups (17024.49
g.m−2) in 1980 but had disappeared by 2015. Other changes were the
arrival of S. algosus and B. glandula, a decline in the ribbed mussel A.
atra, and increases in ‘other seaweeds’, anemones and the granular
limpet S. granularis. Flows to the oystercatcher altered from pre-
dominantly C. meridionalis to M. galloprovincialis; the dogwhelk Nucella
dubia changed from a diet of predominantly ribbed mussels A. atra to
one of small M. galloprovincialis and the barnacle B. glandula, and the
anemone B. reynaudi switched from mainly consuming the indigenous
mussels C. meridionalis and A. atra to a diet of largely small M. gallo-
provincialis.
3.2. Trophic impact analyses
In the 1980 model (Fig. 4a), the five living groups with the greatest
relative total impact were the anemone B. reynaudi (1.00),
Fig. 4. Results of mixed trophic impact analysis of the Marcus Island model in (a) 1980 (pre-invasion) and (b) 2015 (post-invasion). Shading gradation represents
strength of impact (darker shades indicate greater strength), and + or − symbols reflect strong positive and negative effects respectively. ‘Med mussel’ refers to
Mediterranean mussel, M. galloprovincialis.
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oystercatcher H. moquini (0.72), black mussel C. meridionalis (0.72), gull
L. dominicanus (0.60) and polychaetes (0.54). Through ‘sit-and-wait’
predation, B. reynaudi had direct negative impacts on small arthropods
(-0.97), polychaetes (-0.83) and the whelk B. lagenaria (-0.65), and by
preying on polychaetes (and to a smaller degree on the dogwhelk N.
dubia), it had an indirect but positive impact on H. perlevis (0.87).
In the 2015 model (Fig. 4b), the five living groups with the greatest
relative total impact again included H. moquini (1.00), polychaetes
(0.51), and B. reynaudi (0.47), to which were added N. dubia (0.50) and
small M. galloprovincialis (0.60). The most obvious change was the
substantial influences of small and large M. galloprovincialis, largely
replacing the previous effects of the indigenous mussels C. meridionalis
and A. atra. Small M. galloprovincialis had positive effects on B. reynaudi
(0.30), and L. dominicanus (0.28) and (through competition for parti-
culates), negative influences on all groups of mussels including itself
(-0.34 to -0.39). Of the aliens, large M. galloprovincialis had a notable
relative total impact (0.26), with negative effects on all limpet groups
(<-0.10 for all groups), but few strong positive impacts, notably for H.
moquini (0.15). Based on the above, the functional groups that were
included in temporal simulations were: H. moquini, L. dominicanus, N.
dubia, polychaetes, B. reynaudi, small A. atra, C. meridionalis, large S.
granularis, A. knysnaensis and small arthropods.
Fig. 4. (continued)
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3.3. Identification of keystone groups
The relative total impacts of all functional groups present in 1980
and 2015 were compared using three keystone indicators (Power et al.,
1996; Libralato et al., 2006; Valls et al., 2015), which are described in
section 2.2. In 1980 (Fig. 5a), indicator KS1 (Libralato et al., 2006)
identified the oystercatcher H. moquini, anemone B. reynaudi, gull L.
dominicanus, polychaetes and large S. granularis as keystone groups, but
not the black mussel C. meridionalis, which was disqualified as its bio-
mass was disproportionately large relative to its effect. Indicator KS2
(Power et al., 1996) denoted H. moquini, polychaetes, micro-zoo-
plankton, the sponge H. perlevis and small arthropods. Indicator KS3
(Valls et al., 2015) demonstrated, more expectedly, that H. moquini,
polychaetes, B. reynaudi, the dogwhelk N. dubia and L. dominicanus (in
that order) had the greatest keystone values. Thus, H. moquini and
polychaetes were identified by all three keystone indicators as having
high keystone values. Most of the groups singled out had multiple
strong effects on other groups, with the exception of micro-zoo-
plankton, H. perlevis and small arthropods, which consistently had weak
effects, and were rated as keystone species only by indicator KS2.
In the 2015 model (Fig. 5b), Indicator KS1 identified H. moquini,
polychaetes, N. dubia, B. reynaudi and, despite its relatively large bio-
mass, small M. galloprovincialis, as keystone groups. Indicator KS2 sin-
gled out H. moquini and N. dubia among the top five keystone groups,
along with L. dominicanus, micro-zooplankton and P. angulosus. In-
dicator KS3 identified H. moquini, polychaetes, N. dubia, small S.
granularis and L. dominicanus.
Overall, groups that were most consistently identified were H. mo-
quini, B. reynaudi, N. dubia and L. dominicanus and polychaetes, and
there were no striking differences between the pre- and post-invasion
periods, except for the addition of small M. galloprovincialis by one in-
dicator.
3.4. Temporal simulations
3.4.1. Trophic impact of non-native ecosystem engineers (Φ)
In the first temporal simulation, only the biomass time series for
small M. galloprovincialis drove the model from 1980 to 2015. Of the
selected functional groups, only the dogwhelk N. dubia, polychaetes and
anemone B. reynaudi increased quite rapidly in response before de-
creasing, exhibiting maximum biomasses at the peak of small M. gal-
loprovincialis invasion (Fig. A2: Φ-SMM). Surprisingly the gull L. do-
minicanus, which preys on small M. galloprovincialis, was among the
least affected groups, which also included small ribbed mussels A. atra
and black mussels C. meridionalis. Small arthropods reacted negatively
initially, but then returned to their 1980 biomass. A. knysnaensis and
large S. granularis biomasses scarcely changed but fluctuated from 1982
onwards (Fig. A2: Φ-SMM).
The same trends were demonstrated when the biomass of only large
M. galloprovincialis was forced, except for the fact that the reactions
were not as extreme (Fig. A2: Φ-LMM). Only H. moquini reacted more
strongly to the change in large M. galloprovincialis biomass, increasing
to a conservative maximum of 53.32 g.m−2 in 1995. N. dubia, B. rey-
naudi and polychaete spp. tracked the rise and fall of M. galloprovincialis
most closely.
When the biomass of S. algosus was forced, B. reynaudi and poly-
chaete spp. increased and decreased late in the time series, coincident
with the late arrival and decline of S. algosus (Fig. A2: Φ-BiM), but the
response was much less than that associated with the increase and
subsequent decrease of M. galloprovincialis. Unsurprisingly, large S.
granularis reacted to the invasion by B. glandula by fluctuating in bio-
mass post-invasion but, surprisingly, so did A. knysnaensis, a group with
no trophic connection to B. glandula (Fig. A2: Φ-Bar).
In the simulation where the biomasses of all four alien ecosystem
engineers were forced, the trophic impacts of small M. galloprovincialis,
and to a lesser extent, largeM. galloprovincialis, overwhelmed the effects
Fig. 5. Three keystone indices plotted against relative total impact of all functional groups in the Marcus Island model in (a) 1980 (pre-invasion) and (b) 2015 (post-
invasion). Circle sizes represent model biomasses of functional groups. The five groups with greatest keystone values per index are labelled in each graph. Names
corresponding to other numbered species appear in Table 1.
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of S. algosus and B. glandula (Fig. A2: Φ-All). However, the arrival of S.
algosus appeared to create a slight increase in polychaete and B. rey-
naudi biomass in 2012 in this simulation.
The 2015 biomasses generated from the Φ-All simulation were
compared to the 2015 biomasses measured on Marcus Island (Table 4:
Φ/5B). Model biomasses were considered implausibly high if they were
over triple the biomasses measured on the island, and implausibly low
if they were less than a quarter the measured biomasses. Of the 26
native functional groups, six in the Ecosim simulation had implausibly
large biomasses, while three had a lower than realistic biomass. The
group that differed most radically from acceptable levels, C. mer-
idionalis, should have decreased to negligible levels; instead it increased
slightly with an increase in small and large M. galloprovincialis and then
decreased to almost the same as its biomass in 1980. P. angulosus also
had excessively high biomasses.
3.4.2. Trophic impacts of native groups (X)
This Ecosim simulation (X) was run with the addition of the relative
biomasses of 15 native functional groups to all the forced biomasses of
the non-native species. The base Sum of Squares (SS) of this simulation
was 530.10 and, after fitting, only decreased to 452.54, representing a
14% improvement in the model (Table 4). The groups that contributed
the most to the final SS were C. meridionalis, N. dubia and P. angulosus,
i.e., the groups that had a particularly poor fit to the observed data (Fig.
A2:X). When 2015 biomasses generated from this simulation were
compared with those measured on Marcus Island in 2015, seven of the
functional groups had an implausibly high biomass, whereas three had
unrealistically low biomasses (Table 4: X/5B). In this run, C. mer-
idionalis and P. angulosus biomasses were once again the groups that
differed the most from expectations. Compared to the previous simu-
lation in which only the ecosystem engineer biomasses were utilized
(Φ-All), the 2015 biomasses of the false limpet Siphonaria capensis
generated in this simulation (X) were considered low but came closer to
the biomass measured on Marcus Island in 2015 (Table 4).
3.4.3. Non-trophic impact of substrate (Ψ1)
The time-series of all ecosystem engineers and native groups was
included in all subsequent simulations. The first mediator examined in
terms of substrate-provision was ‘Mussel’. The mediation function was
applied to small S. granularis, and all the primary producers except
Porphyra spp. and phytoplankton (Table A9). When mussels acted as
substrate, only periwinkle (A. knysnaensis) biomasses changed relative
to the simulations of the trophic impacts described above, and were a
better fit to observed data (Fig. A3: Ψ1-Mus). The same was true when
‘Barnacle’ was set as the mediator (Fig. A3: Ψ1-Bar). As such, there was
no appreciable difference in change of biomass over time in any of the
selected functional groups relative to trophic impacts of native groups
(compare Fig. A2: X and A3: Ψ1-All).
When all of the ecosystem engineers were allowed to provide sub-
strate (Ψ1-All), SS decreased by only 4.60% after fitting. The groups
that contributed most to SS were, as in most fitted simulations, the
black mussel C. meridionalis, dogwhelk N. dubia and urchin P. angulosus.
Unsurprisingly, the change in biomass over time for all select groups
was similar to the simulation where only mussels, or only barnacle,
provided substrate (Fig. A3: compare Ψ1-Mus and Ψ1-All). The 2015
biomasses generated by this particular simulation resulted in six groups
with unacceptably high biomasses, and three groups that had biomasses
that were implausibly low (Table 4, Ψ1/5B).
3.4.4. Non-trophic impact of shelter (Ψ2)
In the simulation using shelter as mediation (Ψ2), 10 of the 30
functional groups benefited from mussels (Table A9). There was little
change compared to the substrate results (Fig. A3: compare Ψ1-Mus vs.
Ψ2-Mus). Balanus glandula provides shelter for A. knysnaensis, and the
Table 4
Biomass (g.m−2) of all native functional groups recovered from the 2015 Ecopath model, and their relative biomasses in 2015 after each Ecosim simulation with all
ecosystem engineers included (Simulation/5B). Simulations included trophic impacts of ecosystem engineers on all functional groups (Φ); trophic impacts of native
groups with fitted data (Χ); impacts of ecosystem engineers on substrate availability (Ψ1), shelter availability (Ψ2), feeding grounds (Ψ3) and the collective impact of
structural complexity (Ψ4 =Ψ1+Ψ2+Ψ3); wave action removing 10% of low shore biomass (Ω1), and storm action removing 30% (Ω2), 40% (Ω3) or 50% (Ω4) of
low-shore group biomass on specified dates. Relative biomasses that are bold were deemed implausibly high (>3.00×5B) and relative biomasses italicised were
deemed unrealistically low (<0.25×5B).
Groups 2015 model Φ/5B Χ/5B Ψ1/5B Ψ2/5B Ψ3/5B Ψ4/5B Ω1/5B Ω2/5B Ω3/5B Ω4/5B
Oystercatcher 70.07 0.67 0.64 0.61 0.64 0.69 0.37 0.33 0.33 0.33 0.33
Gull 30.67 4.06 4.11 4.04 4.64 6.72 5.35 5.13 5.06 5.02 4.98
Fish 10.00 2.67 2.65 2.67 2.68 2.19 1.87 1.89 1.89 1.89 1.89
Dogwhelk 53.33 1.02 1.15 1.13 1.01 1.97 1.83 1.59 1.62 1.64 1.65
Burnupena 95.66 15.64 15.11 14.87 15.05 19.72 100.41 94.64 95.17 95.48 95.78
Polychaete 56.78 0.12 0.18 0.17 0.07 0.45 0.32 0.32 0.32 0.32 0.32
Anemone 761.40 1.81 1.59 1.58 1.72 3.24 10.38 8.23 8.27 8.28 8.29
Small ribbed mussel 900.00 6.50 6.01 5.59 7.63 16.83 4.61 5.10 5.14 5.17 5.20
Large ribbed mussel 800.62 6.55 6.35 6.11 6.07 18.63 8.31 8.72 8.79 8.83 8.87
Black mussel 0.01 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
Sponge 6.80 0.12 0.12 0.12 2.56 13.67 0.25 0.26 0.27 0.27 0.27
Small granular limpet 193.24 0.36 1.68 1.80 1.80 0.67 0.97 1.89 1.78 1.71 1.66
Large granular limpet 389.17 0.75 1.26 1.83 1.27 2.43 1.07 1.76 1.66 1.60 1.55
False-limpet 11.21 0.06 0.23 0.23 0.29 0.03 0.03 0.03 0.03 0.03 0.03
Other limpets 34.92 0.62 0.79 0.88 0.89 1.29 1.57 1.52 1.50 1.49 1.49
Urchin 0.01 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
Periwinkle 50.00 0.44 1.41 1.61 0.27 0.19 0.00 0.00 0.00 0.00 0.00
Arthropod 16.26 0.25 0.54 0.98 0.22 0.72 0.98 0.96 0.96 0.96 0.96
Zooplankton 3.17 1.15 1.17 1.15 1.11 3.21 1.88 1.78 1.76 1.75 1.74
Purple laver 142.10 1.05 1.05 1.03 1.08 1.00 0.75 0.75 0.75 0.75 0.75
Sea lettuce 194.37 2.13 3.53 2.06 4.78 0.53 0.00 0.00 0.00 0.00 0.00
Tongue-weed 4074.49 2.00 2.01 2.00 2.01 1.99 1.96 1.91 1.91 1.91 1.91
Other seaweeds 1725.01 0.87 0.87 0.51 0.87 0.77 0.31 0.32 0.32 0.32 0.32
Phytoplankton 76.94 1.11 1.12 1.11 1.07 2.31 1.64 1.57 1.56 1.55 1.54
Consumer detritus 100.00 1.12 1.13 1.10 1.14 1.26 0.99 0.96 0.97 0.97 0.97
Prim. Prod. detritus 100.00 1.08 1.09 1.05 1.06 1.84 1.35 1.29 1.28 1.28 1.27
Total unrealistically high 6 7 6 7 9 7 7 7 7 7
Total unrealistically low 3 3 3 2 2 3 3 3 3 3
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simulation incorporating B. glandula achieved a better fit of A. knys-
naensis to the data recorded on Marcus Island (Fig. A3: Ψ2-Bar). When
all ecosystem engineers provide substrate, the results were similar to
when only B. glandula provided shelter (Fig. A3: Ψ2-Bar and Ψ2-All).
After fitting, SS decreased to 86% of the original fit, from 529.08 to
450.90 (Table 3). As with the trophic and substrate simulations, C.
meridionalis, N. dubia and P. angulosus contributed the most to the final
SS. When compared to the 2015 Ecopath model, this simulation with all
ecosystem engineers included resulted in seven groups with implausibly
high biomasses and two with implausibly low biomasses (Table 4). As
mediators decreased the vulnerability of multiple prey (Ψ2/5B), the
sponge H. perlevis and false limpet S. capensis increased to feasible
amounts in 2015 (Table 4).
3.4.5. Non-trophic impact of feeding grounds (Ψ3)
In simulations concerning Ψ3, considering the non-trophic effects of
mussels and/or barnacles on feeding grounds, an increase in mediator
values increased the search rates of predators, and thus their feeding
grounds. In addition, the search rate of predators of the black mussel C.
meridionalis was increased using the mediation function M1 to represent
exclusion of this mussel from primary substrate by M. galloprovincialis,
making it easier for predators to locate C. meridionalis. As such, when
the mediator included mussels only, C. meridionalis biomass decreased
to negligible levels, and was the only simulation in which its modelled
biomass fitted the observed data (Fig. A4: Ψ3-Mus). The anemone B.
reynaudi and dogwhelk N. dubia experienced a spike in biomass in 1984,
concurrent with the maximum biomass of M. galloprovincialis. When
barnacles were the mediator, however, there was very little change
from the substrate and shelter simulations (compare Figs A3 Ψ1-bar,
Ψ2-bar with Fig. A4 Ψ3-bar, for example).
When all the mediators were included (Ψ3-All), the resulting
change in biomass appeared to fit the observed data the best out of all
the simulations, particularly with regards to B. reynaudi and A. knys-
naensis and, to a lesser extent, also C. meridionalis (Fig. A4 Ψ3-All). Of
the 30 groups, nine had implausibly high biomasses at the end of the
simulation, whereas only two had implausible low values: the false-
limpet S. capensis and periwinkle A. knysnaensis (Table 4). Surprisingly,
the total biomass at the end of this simulation, when all mediators were
included, was the greatest of all the simulations and departed most from
the 2015 values. The SS value decreased from the base value to the final
value by 80%, by far the largest change of all simulations in which time-
series data were fitted, and had the smallest AIC value of all simulations
(Table 3), so this simulation had the greatest probability of minimizing
information loss (Symonds and Moussalli, 2011).
3.4.6. Non-trophic impact of all structural complexity services combined
(Ψ4)
When all services provided by mediators were combined (Fig. A4:
Ψ4), the change in biomass over time demonstrated that, in all cases,
effects of substrate (Ψ1) were overwhelmed by those of shelter (Ψ2)
and feeding grounds (Ψ3), and only C. meridionalis and A. knysnaensis
responses changed substantially as different mediators were used. As in
all previous simulations, mussels proved to be the strongest ecosystem
engineer, regardless of whether this group was considered alone or
acted with barnacles. This was particularly true for the effects on A.
knysnaensis, C. meridionalis and large S. granularis (Fig. A4: Ψ4). With
regards to fitting, the base SS was particularly high (2724.70), and even
after fitting, the final SS improved by only 34% to 1798.57 (Table 3).
3.4.7. Non-trophic impact simulations of wave action (Ω)
The extra mortality of 10% biomass of low-shore groups due to
wave action and the additional mortalities of 30-50% of low-shore
biomass on the five dates with large winter storms did not have any
obvious impact on the biomass associated with the non-trophic impacts
of structural complexity, nor indeed were these various options no-
ticeably different from each other (Fig. A5).
3.4.8. Patterns of diversity among simulations
If only the living functional groups included in the simulations are
considered, the biodiversity in 1980 was fairly low but biomass was
spread quite evenly over the living groups (Table 5). These values were
about 22% lower than those measured on Marcus Island in 2015 after
the three alien species had arrived. In the simulation adding the trophic
impact of non-native ecosystem engineers (Φ), H' and J were 5% less
than in the 2015 model, but around 21% greater than values in the
1980 model. After introduction of the trophic impacts of native groups
(X) both diversity and evenness increased even further compared to
values measured in 2015.
In the simulation involving the non-trophic impacts of substrate
(Ψ1), biodiversity was 17% higher than that measured from the 2015
Ecopath model. Biodiversity values at the end of the simulation of the
non-trophic impact of shelter (Ψ2) closely approached those measured
from the 2015 Ecopath model, being only around 3% less. By contrast,
the simulation involving the non-trophic impacts of feeding grounds
(Ψ3) yielded the smallest values for diversity, which also constituted
the greatest departure from the 2015 value (Table 5). When the non-
trophic impacts of all structural complexity services were combined
(Ψ4), the values for biodiversity came closest to those measured on the
shore for the 2015 model, exceeding them by only 2-3%.
Biodiversity was scarcely affected by adding the effects of wave
action (Ω1-4), producing values that were virtually constant among the
four wave-action simulations and only slightly greater than those
measured in the non-trophic impact of all ecosystem-engineering ser-
vices combined (Ψ4). All simulations for 2015 produced diversity va-
lues that exceeded those for 1980, by 17.6 to 23.5% for simulations Φ,
X and Ψ1-3, and by 31.3 to 33.5% for simulations Ψ4 and Ω1-4.
4. Discussion
Ecopath with Ecosim has been used to investigate an enormous
number of ecosystem perturbations, including the effects of marine
protected areas (Ortiz et al., 2010; Ramírez et al., 2015), but by far the
majority relate to the effects of fishing or climate change. Relatively few
examine alien species, and even fewer consider their effects in con-
junction with other stressors (Corrales et al., 2020). In the list of ab-
stracts for the ‘Ecopath 30 years Conference Proceedings’
(Steenbeek et al., 2014), only 5% of the 92 papers concern aliens. The
contributions of Corrales et al. (2017, 2018, 2020) significantly ad-
vance understanding by integrating the effects of fishing, climate
change and arrival of aliens.
Because we had historical data prior to the arrival of aliens, the
focus of our study was on how community composition on Marcus
Island's rocky shores altered with serial alien invasions by the mussels
M. galloprovincialis and S. algosus and the barnacle B. glandula between
1980 and 2012 (Robinson et al., 2007; Sadchatheeswaran et al., 2015).
The 2015 Ecopath model representing the recently invaded intertidal
ecology of Marcus Island enabled discernment of trophic interactions
Table 5
Species diversity (H') and Pielou's evenness index (J) for the 1980 and all 2015 models in which all ecosystem engineers were included.
Diversity index 1980 2015 Φ Χ Ψ1 Ψ2 Ψ3 Ψ4 Ω1 Ω2 Ω3 Ω4
H' 1.70 2.18 2.07 2.09 2.07 2.11 2.01 2.24 2.28 2.27 2.27 2.27
J 0.51 0.65 0.62 0.63 0.62 0.63 0.60 0.67 0.68 0.68 0.68 0.68
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among all groups, and identification of keystone groups.
4.1. Comparing 1980 vs 2015 Ecopath models
Trophic levels in the two Ecopath models and the linearity in their
flow diagram topologies were similar in 1980 and 2015. In both years,
the oystercatcher H. moquini, anemone B. reynaudi and whelk N. dubia
were top predators, while groups with the greatest ecotrophic effi-
ciencies (EE) were small granular limpets S. granularis in 1980 and
small Mediterranean mussels M. galloprovincialis in 2015. Haematopus
moquini, N. dubia, S. granularis, B. reynaudi, and the gull L. dominicanus
emerged as keystone species in both years, as well as being groups with
high relative impact. Strong empirical evidence exists for the roles of H.
moquini, N. dubia and S. granularis in regulating limpets, barnacles and
algae respectively (Hockey and Branch, 1984; McQuaid, 1985;
Branch, 1985). All three species were identified by keystone index KS3,
which Valls et al. (2015) consider is the most effective of the three
indices. A surprise inclusion was the polychaetes (predominated by
nereidids), for which there are no known ecosystem effects suggesting a
keystone role.
In 1980, the indigenous mussel C. meridionalis dominated in terms
of biomass and had a considerable relative impact on all other groups,
whereas its role in 2015 was usurped by small M. galloprovincialis,
which had a substantial relative impact. Therefore, the ecosystem did
not change in terms of its filter-feeder dominance, but did change from
being dominated by a native mussel that supports few epibionts (per-
sonal observations) to a non-native mussel well known for enhancing
structural complexity and supporting abundant epibiota (Branch and
Steffani, 2004; Branch et al., 2010; Gestoso et al., 2013;
Sadchatheeswaran et al., 2015, 2019a, b). An Ecopath with Ecosim
analysis of the effects of the invasive zebra mussel Dreissena polymorpha
in Mille Lacs Lake in Minnesota, USA (Kumar et al., 2016) revealed that
consumption of phytoplankton by the mussel led to a bottom-up-in-
duced collapse of major predator populations. This contrasts with our
findings, in which the alien mussel M. galloprovincialis contributed po-
sitively to all predator populations. In our system, the role of tides,
currents and waves as a gateway supplying phytoplankton to the rocky
shore (Field and Griffiths, 1991) is likely to have overwhelmed the
effects of phytoplankton consumption by the three filter-feeding aliens.
4.2. Evaluating simulations
At the end of all 22 simulations, the final total model biomass in
year 2015 after the 1980 model had been run for 35 years represented
almost double the total biomass measured in 1980, and almost triple
that measured on the shore in 2015. These differences were largely due
to the model dynamics for populations of the whelk B. lagenaria, urchin
P. angulosus and black mussel C. meridionalis. When only the trophic
impacts of all non-native and native groups were simulated (Φ plus X),
three of the seven predator groups ended with 2015 biomasses over 5x
more than observed biomasses. In particular, B. lagenaria increased to
massive levels, as much as 100x the expected biomass. It is possible that
with the large increase in M. galloprovincialis, as well as the increase in
C. meridionalis vulnerability, the predators were able to feed more ef-
fectively and increase their biomass. Indeed, a switch in diet compo-
sition from native mussels and limpets in 1980 to the non-native M.
galloprovincialis in 2015 has been witnessed all along the west coast of
South Africa for H. moquini (Griffiths et al., 1992; Coleman and
Hockey, 2008), associated with an increase in the reproductive success
of H. moquini following the arrival of M. galloprovincialis (Hockey and
van Erkom Schurink, 1992). Nevertheless, the model clearly over-esti-
mated the potential growth in some of the predator populations. Model
B. lagenaria and B. reynaudi populations failed to decrease to more
reasonable estimates even after non-trophic impacts – substrate, shelter
and feeding grounds – were added successively to the simulations
through mediation. After the non-trophic impacts of structural
complexity were simulated, wave action (Ω1-4) did not appear to have
any further impact on the biomass of predators.
The biomass of C. meridionalis, which was not observed on the in-
tertidal shores of Marcus Island after 2001, did not decrease at all at the
end of the modelled trophic simulations, despite simulations attempting
to decrease the population. The ribbed mussel A. atra also had a greater
modelled biomass than expected from empirical values (5-8x observed
values). Therefore, it is likely that trophic impacts such as predation
and competition for food were not the only reasons for the dis-
appearance of C. meridionalis and the reduction in A. atra. It was only
when the presence of alien mussels was employed as a mediating effect
that directly increased the modelled vulnerability of C. meridionalis,
thereby making it easier for predators of C. meridionalis to find and feed
on it, that the biomass of this mussel decreased to negligible levels. In
the absence of this mediating effect, when all the ecosystem services of
both mussels and barnacles were combined with the effects of wave
action, C. meridionalis modelled biomass in 2015 increased to levels
comparable to the 2015 biomass of large M. galloprovincialis. The bio-
mass of C. meridionals was not even noticeably changed by the inclusion
of five large storms from 1980 to 2015.
Unlike the predators and native filter feeders, almost all the mod-
elled grazers responded to the combination of all ecological processes
largely as expected. Their final simulated biomasses closely matched
those measured on Marcus Island in 2015. The major exception was P.
angulosus, which generated a model biomass in 2015 that was more
than 1000 times that observed, and this effect was present from the
very beginning of the trophic simulations. At the end of all the simu-
lations, ‘other seaweeds’ also deviated little from what was expected,
which indicates that, like the grazers and zooplankton, the change in
algal biomass was mostly affected by trophic interactions.
Shannon-Wiener and Pielou's indices were used to evaluate the re-
lative biodiversity and evenness generated by each simulation in 2015
against the 2015 Ecopath model. The Ecosim model results matched
these statistics most closely at the end of the simulation when either (a)
only shelter was added (Ψ2), or (b) when all the ecosystem services
were combined and added to the trophic interactions (Ψ4). However,
incorporating feeding grounds (Ψ3) was the only method in which the
arrival of alien mussels was associated with the local extinction of C.
meridionalis in the model, as observed in reality on Marcus Island.
Adding wave action (Ω1-4) on top of trophic impacts by non-native
and native species and mediation did not appear to have any impact on
diversity indices, and little effect on the biomasses of the groups. This
was unexpected, but was most likely due to simulated wave action re-
moving a constant proportion of groups found on the low shore when,
in reality, wave action will selectively remove species and individuals
that are more weakly attached or present greater resistance to passing
water (Denny, 1987, 1995). There are two additional possible ex-
planations for the small effect of wave action. First, Griffiths (1981) and
Griffiths and Hockey (1987) found that mortality of adult mussels is
largely caused by juveniles pushing beneath them, so that the adults are
then eliminated by wave action. Second, wave-action is a two-edged
sword, ripping invertebrates and seaweeds off rocks while at the same
time bringing in particulate material as food for filter feeders and
boosting their biomass (Bustamante and Branch, 1996a), a trade-off
that could not be explicitly included in the models.
4.3. Ecosim modelling studies on alien invasions
We simulated the trophic impacts of non-native invasions within the
time-dynamic model Ecosim (Walters et al., 1997; Christensen and
Walters, 2004) by way of forced biomasses. This approach was chosen
because one objective was to determine how well the ecological pro-
cesses could be simulated. The actual biomasses of all the non-native
species were known for key years. In addition, a very specific trend was
observed in which there was massive recruitment of Mytilus gallopro-
vincialis just after it invaded Marcus Island, followed by a sharp increase
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in biomass that peaked after five to ten years, and then a slow but
steady decrease. It would not have been possible to introduce this trend
and specific numbers into Ecosim without using forced biomasses.
However, by using forced biomasses of non-native species, their bio-
mass remained unchanged in response to any other ecological process
subsequently added. Therefore, it was not possible to use the model to
assess if any changes in native competitors would have affected the
biomass of non-native functional groups (Corrales et al., 2020).
Only one other published Ecosim model has been created to study
an intertidal rocky-shore ecosystem that was invaded by an ecosystem
engineer: the occupation of Antofagasta Bay in Chile by the tunicate
Pyura praeputialis (Ortiz et al., 2013). The Ecosim simulations under-
taken did not describe how the tunicate was introduced to the model
system, but rather what would happen if it were placed under intense
fishing effort. Similar modelling studies of invasions on open-coast and
pelagic systems have included temporal simulations within Ecosim, a
number of which concentrated on scenarios in which already-present
invasive species were being harvested (Daskalov, 2002; Hossain et al.,
2010; Ortiz et al., 2013; Wong and Dowd, 2014; Corrales et al., 2017;
reviewed by Corrales et al., 2020). Corrales et al. (2018), for example,
showed that under the combined effects of intense fishing, increased
alien invasions and climate change, that fishing regulations introduced
to reduce fishing pressure would increase stocks, but that this benefit
would be offset by the negative effects of increased water temperature
and alien species. Studies focused on the introduction of species into a
time-dynamic model have used a variety of strategies to assess their
impact on other functional groups, including forced biomass
(Rogers et al., 2014), a fitted time-series to help force the biomass
(Pinnegar et al., 2014), artificial fisheries that set the initial biomass of
the invasive species and then allow them to be fished out almost
completely and then recover (Arias-González et al., 2011), increased
vulnerabilities of the prey of invasive species, thereby increasing the
invasive biomass (Pinnegar et al., 2014), or combinations of these
strategies (Langseth et al., 2012). Langseth et al. (2012) compared all
these methods when simulating the introduction of a non-native water
flea, mussel and fish species into Lakes Huron and Michigan of the
Great Lakes System in North America. Overall, they considered that the
preferred method is to start with low initial biomass and force the
biomass rather than use fitted data. They also adopted this approach
because time series of data were available, and the objective of the
study was to explore the ecological impact of the invasive functional
groups.
Mediation by one functional group of other predator-prey interac-
tions has been used in several previous studies to capture non-trophic
effects using the Ecosim approach (for a recent application see
Vilas et al., 2020). However, habitat alteration by ecosystem engineers
has not been extensively modelled in this manner, with the exception of
protection provided by some marine plants in the form of shelter of
prey species from predators, or expansion of feeding areas and food
availability for consumers. Such effects have been modelled to explore
the mediating effects of kelp in relation to the reintroduction of sea
otters to the west coast of Canada, where kelp increases the feeding
areas and food availability for particular fish (Espinosa-Romero et al.,
2011). Similarly, seagrass habitat complexity reduces effective search
rates by predators of juvenile blue crabs in Chesapeake Bay (Ma et al.,
2010), and offers shelter to juvenile Pacific salmon (Harvey, 2014). Our
study pushes the boundaries of mediation effects in Ecosim by se-
quentially adding mediation by mussels and barnacles as ecosystem
engineers providing habitat (substrate), shelter and feeding grounds to
other rocky shore species, in this way capturing three indirect/non-
trophic processes prevalent within the rocky shore ecosystem that are
subject to substantial change under invasion by alien species.
5. . Conclusions
A layered approach was utilized to explore ecological processes that
were deemed the most relevant for an open, invaded ecosystem, in-
cluding trophic impacts by non-native ecosystem engineers and native
species for which time-series data existed, non-trophic impacts by
changes in structural complexity, and extra mortality caused by wave
action. Unlike all the other impacts, changes in structural complexity
are technically a spatially-driven effect of ecosystem engineering. Using
mediation in a temporal model to introduce shelter on its own, or
substrate, shelter and feeding grounds collectively, was successful in
that the approach resulted in end-year biomasses and indices of species
diversity close to those measured on Marcus Island in 2015. However,
the total biomass within the ecosystem was implausibly high due to
some groups, specifically P. angulosus and C. meridionalis, having values
that greatly exceeded those recorded on the shore. In the case of P.
angulosus, this is likely due to overestimation of the initial biomass as
well as a lack of any intertidal predation on this species in the model
ecosystem. This functional group requires further careful para-
meterisation in trophic models of this and similar ecosystems developed
in the future. Choromytilus meridionalis had a high biomass in 1980 and
then progressively disappeared as the alien M. galloprovincialis became
established. The decline of C. meridionalis, and the failure of most of the
simulations to be able to simulate this, has several possible explana-
tions. First, recruitment of mussels is known to be highly variable and
fails completely in some years (Reaugh-Flower et al. 2011). Chor-
omytilus meridionalis may have arrived on the intertidal shores of
Marcus Island in a ‘sweepstake’ settlement that was not repeated, and
simply died out in the absence of further recruitment to the site. As
recruitment was not directly addressed in the model, it would have
failed to simulate such a decline. Only simulation Ψ3-mus (Fig. A4), in
which an increase in the Mediterranean mussel M. galloprovincialis was
used to increase the vulnerability of C. meridionalis to predation, suc-
ceeded in reducing it to levels corresponding with its disappearance
from the island. Second, the starting biomass of C. meridionalis was set
high to reflect its domination in 1980. If competition for space with M.
galloprovincialis drove its demise, the model would not have yielded a
decline in C. meridionalis because competition for space was not among
the ecological processes simulated. The simulations reported here fo-
cused on trophic interactions and processes related to interactions that
are modified by structural complexity. To fully explore the effects of
structural complexity, however, spatially-driven mediation is required.
Despite not accommodating spatial effects, the Ecopath models of
our study did yield several insights into the processes influencing
communities on the rocky shore of Marcus Island. First, after its arrival,
the alien Mediterranean mussel (and particularly ‘small’ individuals)
played the greatest role in influencing the responses of other groups in
simulations examining trophic effects. Results from simulation Φ-SMM
(trophic effects of small M. galloprovincialis) overwhelmingly influenced
other simulations involving the effects of all alien ecosystem engineers
(Φ-All), or the added effects of all native groups (X).
Second, the addition of structural complexity to trophic interactions
(simulations Ψ1-4) improved the fits of the data of many groups to the
biomasses observed in 2015. In particular, inclusion of ‘feeding
grounds’ (Ψ3) yielded the lowest sum of squares and Akaike
Information Criterion. In most cases, this was due to the incorporation
of the effects of the alien Mediterranean mussel M. galloprovincialis,
while the addition of the barnacle B. glandula had little extra effect.
Third, the addition of disturbance in the form of wave action (si-
mulations Ω1-4) had surprisingly little effect on the biomass of almost
all groups, except for predicted elimination of the periwinkle A. knys-
naensis within about 10 y. This was unexpected, as both empirical
evidence and models have demonstrated that differences in disturbance
frequency and intensity influence community dynamics and mediate
species interactions (e.g., Dayton, 1971; Steffani and Branch, 2003;
Branch and Steffani, 2004; Castorani and Baskett, 2019). Explanations
of this advanced above include intraspecific competition for space
overpowering the effects of wave action, and provision of food by wave
action compensating for mortality.
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Fourth, many of the strong interactions emerging from the mixed
trophic group analysis are readily explicable in terms of direct preda-
tion of one group upon another. Falling into this category would be (1)
consumption by anemones of small arthropods, small mussels, poly-
chaetes and Burnupena whelks (Kruger and Griffiths, 1998); (2) pre-
dation by oystercatchers on limpets, polychaetes and dogwhelks
(Hockey and van Erkom Schurink, 1992; Coleman and Hockey, 2008).
Other interactions likely arose from competition for food resources,
most notably evident in negative effects among the various sizes and
species of mussels. A third group of interactions involved indirect ef-
fects: consumption of dogwhelks and limpets by oystercatchers may
respectively have promoted barnacles (which are preyed upon by
dogwhelks – McQuaid, 1985), and algae such as Porphyra and Ulva
(which are eaten by limpets – Bustamante and Branch, 1996b). Some
interactions, however, remain inexplicable beyond simply recognising
the complex interconnectedness of the intertidal foodweb described
here. The most glaring case is the negative effect of polychaetes on the
sponge Hymeniacidon perlevis, for these groups share no obvious direct
or indirect trophic links.
There are limitations to using Ecopath with Ecosim (Christensen and
Walters, 2004). In particular, using Ecopath to model recently invaded
intertidal ecosystems fails to account for non-trophic relationships due
to its static nature. This was partially addressed with the use of Ecosim
temporal modelling and the implementation of mediation effects.
Nevertheless, in the process of undertaking this time-dynamic mod-
eling, caveats emerged that could guide future modeling studies of alien
invasions and/or intertidal ecosystems, adding to the list of ‘ecological
gaps’ that exist in modelling (Fulton et al., 2019):
1 Forcing biomass of aliens: by forcing the biomass of non-native
species, any effect of other species or non-trophic impacts on aliens
is lost, including effects on their recruitment. Nevertheless, in this
and a number of previous studies, forcing the biomass of aliens was
deemed the preferred method to introduce aliens into a temporal
simulation where the effects of alien invasions on other species in
the ecosystem are included.
2 Ecosystem engineering: mediation was used to describe how struc-
tural complexity created by ecosystem engineers could either pro-
tect prey from predators or increase predator search rate. Each
ecosystem engineer, or mediator, can have a very specific effect on
each functional group. To cover all of these interactions, over 30
mediation functions would have had to have been created, verified
and applied in the mediation form. This in turn would have added
excessive uncertainties to the model. By limiting the number of
mediation functions and representing qualitative rather than quan-
titative relationships, uncertainties could be minimized.
3 Wave action: the removal of low-shore species by wave action was
constant for all selected groups when, in reality, species and in-
dividuals that are prone to removal will be more readily ripped off
rocks, and the effects of wave action will not be confined to the low
shore.
4 Zonation: all the species were spread equally over the entire study
site in this non-spatialized model. The only simulations that in-
cluded some zonation were the last four of 22 simulations, which
used wave action to create extra-mortality of species most likely to
occupy the low-shore. However, this resolution of low shore versus
high shore was crude. As found in Sadchatheeswaran et al. (2018),
zonation is an important factor governing community composition.
A review by Corrales et al. (2020) notes that most available mod-
elling applications addressing the impacts of alien species are dy-
namic but non-spatial.
5 Competition: another limitation of the trophic modelling under-
taken thus far is inadequate accommodation of competition for
space and structural complexity.
To capture the full dynamics of intertidal systems, simulations need
to be spatially explicit to account for the fact that species occupy dif-
ferent zones and will interact directly only if they coexist in a zone or
share resources that shift among zones. A follow-up paper will address
some of these shortcomings using Ecospace, a spatial-temporal dynamic
modelling routine (Walters et al., 1999; Christensen and
Walters, 2004). Ecosystem engineers will be incorporated spatially ei-
ther through mediation or through a new driver plugin built by the
authors for this purpose: Ecoengineer (Sadchatheeswaran, 2017).
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